ABSTRACT: Manganese transport regulator (MntR) is a member of the diphtheria toxin repressor (DtxR) family of transcription factors that is responsible for manganese homeostasis in Bacillus subtilis. Prior biophysical studies have focused on the metal-mediated DNA binding of MntR [Lieser, S. A., [4295][4296][4297][4298][4299][4300][4301][4302][4303], and generally follow the Irving-Williams series. Direct detection of the dinuclear Mn 2+ site in MntR with EPR spectroscopy is presented, and the exchange interaction was determined, J ) -0.2 cm -1 . This value is lower in magnitude than most known dinuclear Mn 2+ sites in proteins and synthetic complexes and is consistent with a dinuclear Mn 2+ site with a longer Mn‚‚‚Mn distance (4.4 Å) observed in some of the available crystal structures. MntR is found to have a surprisingly low binding affinity (∼160 µM) for its cognate metal ion Mn 2+ . Moreover, the results of DNA binding studies in the presence of limiting metal ion concentrations were found to be consistent with the measured metal-binding constants. The metal-binding affinities of MntR reported here help to elucidate the regulatory mechanism of this metal-dependent transcription factor.
Bacteria handle the delicate issue of metal ion homeostasis using a class of transcription factors known as metalloregulatory proteins (metalloregulators). In some systems, these metal-sensing proteins are involved in mediating the removal of toxic metals, while in other systems they are central to maintaining the required levels of essential metals. To date, a large number of metalloregulatory proteins have been identified that respond to a variety of metal ions (1) (2) (3) . The subject of how metal binding is translated into an ability to control transcription via a metalloregulator has become a prominent subject of investigation (4) (5) (6) (7) (8) (9) (10) . Indeed, many metalloregulators are reported to bind several metal ions in vitro, while only eliciting a specific transcriptional response when they are bound to the cognate metal in vivo (5) (6) (7) 9) . This observation naturally leads to the question: how does a metalloregulator selectively respond to its cognate metal ion as opposed to other available metal ion activators? The ability of a metalloregulator to respond selectively to a metal ion may depend on several factors, including the availability of the requisite metal ion, the binding affinity for the metal ion, the charge on the metal ion, and the coordination geometry/ number assumed by the metal ion upon binding. Determining which of these factors are most important for a given metalloregulator is essential for gaining a better understanding of how these proteins elicit transcriptional control.
The manganese transport regulator MntR 1 is found in Bacillus subtilis and is a member of the iron-responsive DtxR family of proteins (11) . MntR is a 142-amino acid protein that binds its DNA-recognition sequence as a homodimer in the presence of activating metal ions (12, 13) . Like other members of the DtxR family, MntR requires the binding of two metal ions per protein monomer and utilizes a helixturn-helix DNA-binding motif (12, 13) . Despite these similarities, MntR differs from other members of the DtxR family in that it lacks a C-terminal SH3 domain and forms a metal-independent dimer. Another significant difference is that the two metal ions in MntR form a bridged, dinuclear metal active site (M‚‚‚M distances ranging from ∼3.3 to 4.4 Å), which is distinct from the two mononuclear sites (M‚‚‚M distance ∼9 Å) found in DtxR (13) (14) (15) . Finally, DtxR is an iron responsive repressor (16) , while MntR is responsive to manganese and cadmium in vivo (11) .
Structural studies on MntR show that, with the exception of the metal site, the overall protein structure is the same for various metal isoforms (13, 15) . As for the metal-binding site, three different arrangements have been observed for MntR: (i) a binuclear AB conformer with a 3.3 Å M‚‚‚M distance, (ii) a binuclear AC conformer with a 4.4 Å M‚‚‚M distance, and (iii) a mononuclear conformer with only the A site occupied (Figure 1 ). The AB and AC binuclear clusters utilize the same protein ligands, but the binding mode and side chain orientations in the two forms are different. The AC form of MntR has been observed upon reconstitution with Ca 2+ , Mn 2+ , and Cd
2+
, while the AB form has only been observed with Mn 2+ (13, 15) . With Mn 2+ , formation of the AB versus AC form is dependent upon conditions such as temperature and pH; from these studies, the AC form has been proposed as the more physiologically relevant conformer (15) . The mononuclear A only site form has been observed with Co 2+ (A. Glasfeld, personal communication) and Zn 2+ (15) . On the basis of the observation that the A site is conserved in all three structure types, it has been suggested that the A site serves as an "activation filter," and that the formation of a binuclear site is essential for full activation of the protein (15) .
MntR is involved in manganese homeostasis through regulation of two manganese transporters, MntABCD and MntH (11) . The proposed scheme for metal ion regulation by MntR suggests that when the manganese requirements of the cell are met, MntR binds Mn 2+ , resulting in DNA binding and repression of genes responsible for encoding the aforementioned manganese transporter proteins. Presumably, when manganese levels drop below those required for B. subtilis, the metal ions dissociate from MntR, and MntR is released from the mnt operons allowing for transcription of the transporter proteins.
Prior studies on MntR have focused on the metal activation profile, which showed that in vitro an excess of Mn 2+ or Cd 2+ ions (1.0 mM, >100-fold concentration relative to protein present) results in tight DNA binding (12) . Other metal ions, such as Fe 2+ and Co
, were found to elicit moderate operator binding as well (17) . Previous studies suggest that binding of these activating metal ions to MntR result in a change in protein tertiary structure, while the secondary structure remains largely unaltered (12, 17) . Despite the insight gained from these investigations, the studies were typically performed in the presence of excess metal ions (>100-fold excess), complicating the interpretation and physiological relevance of these findings. To better understand these results, detailed knowledge of the metal binding of MntR is required. Two recent reports have examined metal binding in MntR and related homologs. In the first study, several new crystal structures, with Ca 2+ , Mn 2+ , Zn 2+ , and Cd
, along with calorimetry data on metal binding was reported for MntR (15) . In the second study, a close homologue of MntR, AntR from B. anthracis, was probed by electron paramagnetic resonance (EPR) spectroscopy to examine metal binding and oligomerization behavior (18) . Herein, we present the metal-binding affinities of MntR for several transition metal ions in an attempt to complement earlier biophysical studies and to compare our findings to the recent reports on MntR and AntR. By measuring the metal-binding affinities of MntR and relating them to the reported DNA-binding activation profile, we can refine our interpretation of these prior findings, as well as determine whether a high metal-binding affinity is essential for DNA binding activation of MntR. The results presented here also point to a possible explanation for the Mn 2+ /Cd 2+ dual responsiveness of MntR.
MATERIALS AND METHODS
General. All buffers were prepared using water purified by a Labconoco Water Pro Plus purification system. All biochemical reagents were obtained from commercial suppliers and were used as provided unless otherwise specified. 8-Anilino-1-naphthalenelsulfonic acid (ANS) was acquired from Sigma-Aldrich and stock solutions were prepared as previously described (17 (12, 17) . The metal content/purity of all ultrapure water, buffers, protein preparations, and metal titrant solutions were determined as previously described (12) using a Perkin-Elmer Optima 3000 DV inductively coupled plasma optical emission spectrometer (ICP-OES) located at the Analytical Facility at the Scripps Institute of Oceanography. All fluorescence intensity and anisotropy experiments were performed on a Perkin-Elmer LS-55 luminescence spectrometer using a thermally jacketed cell holder that was maintained at 25°C. All absorption spectra were collected on a Perkin-Elmer Lambda 25 spectrophotometer at ambient temperature.
Fura-2 and Mag-fura-2 were purchased from Invitrogen; stock solutions were prepared by resuspending the lyophilized powders in 1 mL of degassed ultrapure water. Dye concentrations were determined by absorption spectroscopy by using the reported extinction coefficients (28 000 M -1 cm -1 at 363 nm for Fura-2 and 22 000 M -1 cm -1 at 369 nm for Mag-fura-2). Experiments with these fluorimetric dyes were carried out in either metal-binding buffer (10 mM HEPES, pH 7.2, 100 mM KCl) or protein storage buffer (20 mM HEPES, pH 7.2@4°C, 200 mM NaCl, 5% glycerol).
ANS Experiments. In an 800 µL microcuvette, a 400 µL solution containing 200 µM ANS dye and 2 µM MntR in protein storage buffer was prepared. Metal stock solutions were titrated (from 0.001 to 1000 µM) into the ANS/MntR mixture (17) . The fluorescence emission of ANS was monitored, and the intensity at 507 nm was plotted as a function of metal ion concentration. The data were fit with a 1:1 binding isotherm by using least-squares regression analysis software (KaleidaGraph, Synergy Software) to determine the relative affinities for Mn 2+ , Co
2+
, and Cd
.
Protein Competition with Fura-2.
In an 800 µL microcuvette, a 400 µL solution containing 5 µM Fura-2 and 50 µM MntR in protein storage buffer was prepared; the solution was incubated for 20 min at ambient temperature. To the equilibrated solution was added 5 µM metal ion (Mn 2+ , Co 2+ , or Cd 2+ ), and the resulting absorption spectra were recorded for ∼16 h in 20 min intervals. The resulting spectra were compared to the spectrum just prior to addition of protein.
A control experiment where 200-700 µM EDTA was added to the microcuvette (in lieu of MntR) was used to obtain the apo Fura-2 spectrum.
Metal-Binding Affinity/Stoichiometry of Mag-fura-2. For all fluorescence experiments employing the dye Mag-fura-2 the fluorescence excitation was scanned from 250 to 450 nm while monitoring emission at 505 nm. Excitation and emission slits were set at 10 and 5 nm, respectively. To determine the metal-binding stoichiometry of Mag-fura-2  with Mn 2+ , Co   2+   , Ni   2+   , Zn   2+ , and Cd 2+ electronic absorption spectroscopy was used in combination with the method of continuous variation (Job's method) (19) . In an 800 µL microcuvette, a 400 µL solution containing Mag-fura-2 and the divalent metal ion of interest was prepared for a combined total concentration of 42 or 66 µM in metal-binding buffer. Nine solutions were prepared for each metal ion, with the mole fraction of Mag-fura-2 ranging from 0 to 1. Each solution was allowed to equilibrate at ambient temperature for 5 min before recording the absorbance spectrum from 200 to 500 nm. The absorbance of Mag-fura-2 alone was subtracted from each experimental spectrum, and the data were analyzed by plotting A 369 vs mole fraction of Magfura-2 (X Mf-2 ).
To determine the metal-binding affinity of Mag-fura-2 with Mn 2+ , Co , and Cd 2+ ions two sets of experiments were carried out, one in metal-binding buffer and a second in protein storage buffer. In a 4 mL cuvette, a 2 mL solution containing 0.5 µM Mag-fura-2 and 1 or 10 mM metal ion was prepared; the solution was allowed to equilibrate at ambient temperature for 3 min. A competing metal ion was then titrated (0 to ∼5 mM, <10% total volume change) into the preincubated mixture, and the fluorescence excitation spectra were recorded. A 3 min equilibration time was allowed between additions of competing metal ion. In experiments designed to determine the affinity of Mag-fura-2 for either Co 2+ , Mn 2+ , or Ni 2+ (binding of these metal ions quenches the Mag-fura-2 fluorescence, as previously observed for Fura-2) (20), Ca 2+ was used as the preincubation metal (K d ) 25 µM, as determined by the manufacturer, Invitrogen) (21) . In experiments designed to determine the affinity of Mag-fura-2 for Zn 2+ or Cd 2+ (binding of these metals generates a fluorescence excitation spectrum with a maximal λ ex ∼330 nm), the preincubation metal was Co 2+ , Mn 2+ , or Ni
2+
. The reported Mag-fura-2 K d of 25 µM for Ca 2+ was used as the reference for experiments performed in either metal binding or protein storage buffer. It has been reported that Mag-fura-2 metal-binding affinities do not change significantly in the pH range of 6.4-7.5 and within ionic strengths 0.1-0.2 M (22, 23) ; therefore, the K d of 25 µM should be satisfactory under both buffer conditions used here. The fluorescence intensity at 505 nm when excited with an excitation wavelength of λ ex ) 330 nm was fit using a custom DYNAFIT script that describes the competition between two metal ions for the dye (Supporting Information); reported K d values are an average of at least three individual experiments. The program DYNAFIT does not utilize a single explicit equation (binding isotherm expression) to fit thermodynamic data, but fits the data employing simultaneous nonlinear algebraic equations (24, 25) .
Protein Competition with Mag-fura-2. In an 800 µL microcuvette, a 400 µL solution containing 0.5 µM Magfura-2 and MntR (10-100 µM) was prepared in protein storage buffer. The mixture was incubated at ambient temperature for 3 min. The metal ion of interest was titrated into the preincubated solution with a 3 min equilibration time between additions. Fluorescence excitation spectra were recorded from 250 to 450 nm at each point in the titration. ) was fit using a custom DYNAFIT scripts that describe the competition between the dye and the protein for the metal ion (Supporting Information). Alternatively, the data can be fit by adapting a series of binding isotherm equations used for competition absorption spectrophotometry (19, 26, 27) . Fitting of the data to a single metal-binding site by the latter procedure gives values consistent with those obtained from the more explicit DYNAFIT procedure (Supporting Information, Figure S10 ). Reported K d values are an average of at least three individual experiments.
Using absorption spectroscopy an analogous competition experiment was also carried out. In an 800 µL microcuvette, a 400 µL solution containing 6.5 µM Mag-fura-2 and 50 µM MntR was prepared in protein storage buffer. The mixture was incubated at ambient temperature for 3 min. A Co 2+ solution was titrated from 0.03 to 200 µM into the preincubated solution with a 3 min equilibration time between additions. Absorbance spectra were recorded from 250 to 500 nm, and binding of Co 2+ to the dye was monitored by disappearance of the apo Mag-fura-2 absorbance at ∼362 nm. Data were modeled using a custom DYNAFIT (24) script that fit competition between the dye and the protein for the metal ion (Supporting Information); reported K d values are an average of at least three individual experiments.
Fluorescence Anisotropy. Fluorescence anisotropy experiments were performed as previously described (12) . In a 4 mL cuvette were placed 10 nM dsmntH26 (fluoresceinlabeled strand of dsmntH26 ) 5′-6F-GAATAATTTGCCT-TAAGGAAACTCTC-3′) (12) and 10, 100, or 1000 µM (final concentration) of divalent metal ion (Mn 2+ , Co 2+ , or Cd 2+ ). To this solution was added increasing amounts of MntR (0-1.5 µM). Measurements were collected with an excitation wavelength of 492 nm (slit width 15 nm), an emission wavelength of 520 nm (slit width 20 nm), and a 1.0 s integration time. The g-factor for all of the experiments was 1.15 ( 0.08. The r obs versus [MntR] total data were fit to a 1:1 binding isotherm model (non-dissociable dimer) (12) by using least-squares regression analysis software (KaleidaGraph, Synergy Software).
EPR Spectroscopy. X-band (9 GHz) EPR spectra were recorded on a Bruker ESP 300 spectrometer equipped with an Oxford ESR 910 cryostat for low-temperature measurements. The microwave frequency was calibrated with a frequency counter, and the magnetic field was calibrated with a NMR gaussmeter. The temperature was calibrated with resistors (CGR-1-1000) from LakeShore. A modulation frequency of 100 kHz was used for all EPR spectra. All experimental data were collected under nonsaturating microwave conditions. Room temperature measurements used a flat quartz cell positioned in an E-field null plane of the microwave cavity.
EPR spectra were analyzed by diagonalization of the spin Hamiltonian H ) -2JS 1 ‚S 2 + H dipolar + H 1 + H 2 , where J is the isotropic exchange coupling between metal sites, H dipolar is the through space Mn-Mn magnetic dipolar interaction, and H 1 and H 2 contain the Zeeman and zero-field terms for the individual Mn 2+ ions (28) . The simulations were generated with consideration of all intensity factors relative to a spin standard (CuEDTA), which allowed computation of simulated spectra for a specific sample concentration. The simulations therefore allow a quantitative determination of protein signal intensities. The Windows software package SpinCount was used and is available for general application to any mono-or dinuclear metal complex by contacting the corresponding authors (M.P.H.).
For single value decomposition (SVD) of data (29) , the spectra were arranged into an N rows by M columns matrix, A, with each column representing a spectrum with N data points. This matrix can be expressed in terms of three matrices U, S, and V such that A ) USV T . In this representation, S is an N × N diagonal matrix of non-negative elements containing the singular values of matrix A. The diagonal elements of the matrix S 2 are the eigenvalues, and the columns of V are the corresponding eigenvectors of A T A. Within the context of a physical model, the entries in V can be related to the amplitudes of the base spectra for each of the titration points. The physical model in our particular application is the sequential binding two metal sites to the protein, where Mn, E, EMn, and EMn 2 represent the concentrations of Mn(H 2 O) 6
, and apo-, mono-, and dimetal bound protein species, respectively. The total concentrations of protein and metal are E T and Mn T , and K i are the equilibrium constants. From eq 1, the concentrations of Mn, EMn, and EMn 2 can be determined in terms of the binding constants K 1 and K 2 (30). In the limit K 1 , K 2 , the low concentration of the EMn species will render it undetectable. Thus, the mononuclear binding step is not measurable, and the fit of the data will be primarily sensitive to the product K 1 K 2 . The experimental matrix V is calculated from A using a standard SVD routine (31) . A computer program was constructed that then leastsquare fits the value of the product K 1 K 2 to give the best match of the theoretical matrix CP constructed from eq 1 to the experimental matrix V. C is an n × r matrix containing the species concentrations as a function of total added metal concentration (for our application, r ) 2 species, n ) 7 titration points), and P is a set of linear parameters (29) . EPR samples were prepared by titrating Mn 2+ into a solution of apoMntR. Stock solutions of MnCl 2 (Aldrich) were prepared daily in protein buffer with doubly distilled water. Quantitation of Mn 2+ stock solutions were determined through double integration of the EPR spectra and compared against atomic absorption standards for Mn 2+ (Aldrich). For each metal addition, MntR was titrated with the appropriate amount of stock solution in successive additions. For room temperature measurements, after each addition the sample was incubated for 10 min at 4°C prior to recording the EPR spectrum. For low temperature measurements, each sample was incubated for 10 min at 4°C and then frozen in liquid N 2 , followed by recording of the spectrum. Unless noted, the buffer for all samples was 20 mM HEPES (Sigma), pH 7.2, 300 mM NaCl, 5% glycerol.
RESULTS

ANS Experiments.
The fluorescence of the ANS dye increases upon binding to hydrophobic surfaces; prior studies with ANS and MntR were used to monitor changes in protein tertiary/quaternary structure at several metal ion concentrations (17) . The fluorescence of ANS in buffered solution increases upon addition of MntR and then successively decreases upon addition of increasing amounts of activating metal ions (e.g., Mn 2+ ), indicating a change in protein structure and a burying of hydrophobic surfaces within MntR. Using this decrease in fluorescence as a probe, much like the quenching of tryptophan fluorescence, ANS can be used as an exogenous reporter (7, 9) . Titration curves of fluorescence emission intensity versus metal ion concentration were obtained for MntR with Mn 2+ , Co , is bound with the weakest affinity relative to other metal ions that activate MntR for DNA binding. Because of several limitations of using ANS as a probe for metal ion binding (vide infra), a more quantitative method for determining the metalbinding affinities of MntR was sought. The fluorimetric dyes Fura-2 and Mag-fura-2 were used in competition experiments with MntR to obtain quantitative data.
Protein Competition with Fura-2. Originally designed as a molecular sensor for Ca 2+ , the binding affinity of Fura-2 for several transition metal ions has been determined (20, (32) (33) (34) , and this fluorophore has been employed as a tool to study metal binding with the metalloregulatory protein NikR (6) . Dyes such as Fura-2 are useful in this capacity as both their absorption and fluorescence spectra change upon binding to metal ions, providing a direct spectroscopic handle for evaluating metal-binding affinities when in competition with metalloproteins. Competition experiments between Fura-2 and MntR were carried out by preincubating 5 µM dye and 50 µM MntR in protein storage buffer, after which 5 µM of the metal ion of interest (Mn ) was added to the solution, and absorption spectra were recorded overnight at 20 min intervals. In all experiments, the spectrum of dye-metal complex remained unperturbed (data not shown), implying that MntR was incapable of competing with the dye for metal binding. Because MntR was present in a 10-fold excess over Fura-2, the affinity of MntR for these metal ions must be at least an order of magnitude weaker than that of Fura-2. This places the lower limit on the K d values of MntR at 30 nM for Mn 2+ , 90 nM for Co 2+ , and 10 pM for Cd 2+ . It was concluded that MntR was unable to compete with Fura-2 for these metal ions; therefore, a fluorescent dye with weaker metal ion affinities was sought.
Metal-Binding Affinity/Stoichiometry of Mag-fura-2. Magfura-2 (21), a dye structurally similar to Fura-2 ( Figure S1 , Supporting Information) but possessing a weaker Ca 2+ affinity, was investigated as an alternative to Fura-2. It was assumed that the weaker Ca 2+ affinity of Mag-fura-2 relative to Fura-2 would also reflect a decrease in transition metal ion affinities for Mag-fura-2. Unlike Fura-2, for which a number of metal-binding affinities have been reported (20, (32) (33) (34) , the affinity of Mag-fura-2 has only been reported for the transition metal ion Zn 2+ (35) . Therefore, we determined both the affinity and stoichiometry of Mag-fura-2 for Mn 2+ . With the exception of Zn 2+ (35) , the affinities of Mag-fura-2 for transition metal ions decrease by several orders of magnitude relative to Fura-2, consistent with that expected based on the difference in affinity of these two dyes for Ca 2+ (21, 32) . The experiments performed in metal-binding buffer are typical of the conditions often used for determining binding constants of fluorescent dyes and other small molecule ligands (32, 36) . The K d values for Mag-fura-2 with these metal ions were also measured in protein storage buffer (Table 1) , to ensure that the effects of pH and ionic strength (relative to metalbinding buffer) were minimal and would not adversely impact the competition experiments with MntR. Finally, by using absorption spectroscopy and Job's method ( Figure S4 , Supporting Information) a 1:1 metal/Mag-fura-2 stoichiometry was confirmed for all of the metal ions examined. Protein Competition with Mag-fura-2. Mag-fura-2 was used in competition experiments against MntR. These competition experiments were performed in a manner consistent with others described in the literature (37) , with the metal ions of interest titrated into a solution containing both Mag-fura-2 and MntR. The competition between MntR and Mag-fura-2 for the titrated metal ion was monitored by fluorescence spectroscopy and in one case also confirmed by absorption spectroscopy (Co 2+ , Figure S5 , Supporting Information). Fluorimetric titration of Mn 2+ , Co 2+ , and Ni 2+ into a solution of Mag-fura-2 with an excess MntR results in the quenching of the Mag-fura-2 fluorescence excitation band at ∼369 nm (λ em ) 505). Figure 3 shows a representative example of a titration performed with Co 2+ . Titration of Zn 2+ and Cd 2+ results in the disappearance of a band at ∼369 nm and formation of a new band at ∼330 nm in the fluorescence excitation spectrum indicative of the metaldye complex. Figure 4 shows a representative competition titration in the presence of Cd 2+ . The data from all competition titrations were analyzed using DYNAFIT (24, 25) with a model that incorporated the relevant equilibria (Supporting Information); for Mn 2+ , Co 2+ , and Ni 2+ experiments data were fit using the fluorescence excitation at 380 nm, while for Zn 2+ and Cd 2+ titrations the data were fit using the fluorescence excitation at 330 nm. The dissociation constants measured from these experiments are summarized in Table  2 .
Overall, the affinities of MntR appear to loosely follow the Irving-Williams series, with K d values ranging from 0.01 to g50 µM, with Zn 2+ < Cd
. The results of the competition titrations between Mag-fura-2 and MntR are in agreement with the findings of the ANS experiments (vide supra). Importantly, the Mn 2+ affinity could not be measured under the presented conditions; even a > 200-fold excess of MntR (110 µM) could not compete with Mag-fura-2 for Mn 2+ ( Figure S9 , Supporting Information). On the basis of simulations of the data using DYNAFIT (24, 25) , these experiments show that MntR has a surprisingly weak affinity for its cognate metal ion, with a lower limit for the K d value of Mn 2+ binding to MntR at g50 µM. Indeed, all of the other metal ions tested, including Ni 2+ and Zn 2+ , which do not effectively activate MntR for DNA binding, have a higher binding affinity for MntR than Mn 2+ . These findings unambiguously demonstrate that the selective DNA-binding response of MntR is not due to a thermodynamic preference for binding Mn 2+ .
EPR Spectroscopy. Samples of 0.25 mM apoMntR were titrated with MnCl 2 in successive additions up to approximately 6 equiv. The room-temperature EPR spectra of the titration showed a six-line hyperfine pattern typical of 55 
Mn
2+ (inset of Figure 5 ). This spectrum is typical of Mn-(H 2 O) 6 2+ species. All titration points showed the same spectra but with varying intensity of the signal. The concentration of Mn(H 2 O) 6 2+ in the titration series was determined by normalizing the intensity to a sample of a known amount of MnCl 2 added to the same buffer and recorded under the same conditions. The amount of Mn 2+ detected in these spectra was a fraction of the total amount added to the protein sample, indicating binding of Mn 2+ to the protein is an equilibrium process. Mn 2+ complexed to protein reduces the coordination of weak-field water, increasing spin-orbit interactions and zero-field energies relative to that of Mn-(H 2 O) 6
2+
. Consequently, the signals from the protein bound Mn 2+ species are too broad to be detectable at room temperature (38) . A plot of the Mn(H 2 O) 6 2+ equivalents observed versus the total equivalents of Mn 2+ added to the samples is shown in Figure 5 ) is also shown in Figure 5 and displayed in terms of equivalents of dinuclear Mn 2+ sites. Significantly, the difference asymptotically approaches 2 equiv, indicating a stoichiometry of four Mn 2+ ions bound to MntR. The specific amounts of protein bound metal species are not directly measurable; consequently, the theoretical curve is most sensitive to the product K 1 K 2 of the equilibrium constants and to a lesser extent the ratio K 2 /K 1 . The data can be equally well fit with K 1 K 2 within the uncertainty of the value given. These data also require K 2 /K 1 > 5, and the low-temperature data to follow will require K 2 /K 1 > 30. For K 2 /K 1 ) 30, the corresponding dissociation constants are K d1 ) 900 µM and K d2 ) 30 µM.
For low-temperature experiments, samples of 0.25 mM MntR were titrated with MnCl 2 in successive additions up to approximately 6 equiv. Figure 6 shows representative EPR spectra of this titration at temperatures of 2 and 14 K, with 1.2 and 5.4 equiv of Mn 2+ added. The full titration set is shown in Figure S7 , Supporting Information. All spectra are plotted as signal × temperature (the intensity scale of the spectrum is multiplied by the temperature). For such plots, signals that display Curie law dependence (intensity ∼ 1/T) will show the same intensity. The sharp six-line pattern observed at g ) 2.0 is typical of Mn(H 2 O) 6
, and as expected, the temperature dependence of this signal is strictly proportional to 1/T.
In contrast, the broader wings of the spectra near g ) 2.5 and 1.7 grow in with increasing temperature. At higher temperatures (data not shown), the spectra are nearly the same as that of the 14 K data when plotted as signal × temperature. EPR signal intensities of Mn 2+ species that are Figure S5, Supporting Information) . d Best fit with a two-site model (Kd1 ) 0.10 µM and Kd2 ) 3.9 µM). . Our calculations indicate that the populations of all spin levels will be roughly equal for temperatures down to 2 K; thus, the intensity of the spectra will be proportional to 1/T for temperatures >2 K (Curie law). For D > 0.1 cm -1 , the EPR spectra would have discernible features well outside the g ) 2 region (30), which is not true for MntR. The temperature variation for MntR is subtle overall but clearly different from control samples. EPR spectra of samples of Mn 2+ in water, various buffers, and when bound to other proteins, all show spectra with exact 1/T dependence of signal intensities from temperatures of 2 K and higher, without deviations from 1/T in the wings of the spectra as is observed here for MntR. Thus, the signals at g ) 2.5 and 1.7 originate from a dinuclear Mn 2+ site. The weak temperature dependence and lack of significant features is not common in previously characterized Mn 2+ complexes. Dinuclear Mn 2+ complexes usually show signals that change over a much wider temperature range and are often identified by an 11-line hyperfine pattern. The reason for the lack of temperature dependence and discernible signal features is due to a weaker exchange interaction than is typical of most Mn 2+ complexes or proteins (vide infra), resulting in a smearing of the hyperfine patterns. As the Mn 2+ concentration is increased, the signal from the Mn(H 2 O) 6 2+ species dominates the spectra, and the temperature dependence is then proportional to 1/T. The signals and temperature dependencies were not affected by a variety of different buffer conditions: pH 8.5, 30% glycerol, or 600 mM NaCl. Rapid freezing of the samples in cold isopentane (-140°C) also had no effect on the spectra. The addition of excess orthovanadate, which is known to bind to some dinuclear Mn 2+ proteins (39), also did not effect the spectra.
The parallel mode EPR of MntR show signals from two different species ( Figure S6 , Supporting Information). At low equivalents, a broad featureless signal appears at g ) 6.7, which increases in intensity proportionately and displays the same non-Curie law behavior as the dinuclear Mn 2+ signal in perpendicular mode. At higher equivalents, a new signal grows in the same region with a six-line hyperfine pattern. The intensity of this signal is proportional to the Mn(H 2 O) 6 2+ signal in perpendicular mode. At 14 K, the spectrum at larger equivalents is dominated by free Mn 2+ and is unresolvable from the dinuclear Mn 2+ signal. Because of the overlap of these two signals and low signal-to-noise, the parallel mode signals will not be discussed further.
The low-temperature EPR spectra at the lowest and highest equivalents of total Mn 2+ show differing, but always nonzero, contributions of Mn(H 2 O) 6 2+ and the dinuclear Mn 2+ protein species. Thus, direct observation of signals from the corresponding pure species is not possible. Consequently, we employ the method of SVD to the EPR titration spectra to determine the product binding constant, K 1 K 2 , in accordance with eq 1. The SVD method allows decomposition of a series of spectra into the corresponding spectra of the pure species, usually referred to as base spectra. Important tests for the validity of the SVD method on the particular application are (i) eigenvalues for the base spectra that are significantly greater than the eigenvalues of the spectra representing noise, and (ii) base EPR spectra that are representative of physically correct EPR spectra. The SVD method was applied to the 14 K data shown in Figure S8 , Supporting Information. The resulting base spectra are shown in Figure 7A ,B. The eigenvalues for these base spectra were more than an order of magnitude greater than the eigenvalues for spectra at the noise level, indicating the existence of only two significant spectral species. In addition, the base spectra have features that are attributable to (A) dinuclear (see below) and (B) Mn(H 2 O) 6 2+ species. The intensity of the base spectra is displayed for the decomposition of the 1.2 equiv sample at 14 K. The sum of the two basis spectra for the range of the titration data, with relative amounts determined by the model of eq 1, is shown in Figure S8 , Supporting Information. The SVD method gave a product binding constant of
. Values of K 1 K 2 outside of the uncertainty gave meaningless base spectra and significantly poorer fits to the titration spectra. Two independent titrations gave similar results. For these data, we have the additional benefit over the room-temperature data of direct detection of a protein bound dinuclear Mn 2+ species. This allows a better determination of the ratio K 2 /K 1 > 30. For ratios less than this, the amount of monomeric Mn signal would be not be compatible with the data. For K 2 /K 1 ) 30, the corresponding dissociation constants are K d1 ) 250 µM and K d2 ) 8 µM. The values determined from the low-temperature titration are slightly smaller than those at room temperature, indicating tighter binding of Mn 2+ to the protein upon freezing of the samples. At low equivalents of Mn 2+ , the SVD approximated spectra show a poorer fit to the data than at higher equivalents. This discrepancy is possibly due to a protein bound mononuclear Mn species at low equivalents. SVD was applied to the data using the three species model, where the third species is a bound mononuclear Mn 2+ species; however, 
no convergence to the experimental spectral set could be found. We suspect that the SVD extraction of a mononuclear Mn 2+ spectral species, apart from that of free Mn 2+ , will require many more titration points in the low equivalent regime.
The type of dinuclear Mn 2+ spectrum observed from MntR ( Figure 6A ), to our knowledge, has no precedent in the literature. In previous work, we have shown new methods that now allow quantitative simulation of complicated spectra from Mn 2+ dimers (28) as a function of temperature, microwave frequency, and microwave orientation. The complexes of this previous study have sufficiently large spin exchange (J . D, g B) , to give well-isolated excited spin manifolds and corresponding subspectra from each manifold. For MntR, the spin exchange energy is small, thus the splitting between the spin manifolds is comparable to the zero-field and Zeeman energies. Consequently, there are no isolated spin manifolds or subspectra, the spin levels all mix, and we expect that the many overlapping transitions will produce a broad featureless spectrum. The spectrum should have greatest intensity near g ) 2, since the transitions with the highest probability occur here. In addition, at temperatures as low as 14 K, each spin level has nearly equal population, and we expect the spectra should show Curie law behavior. Figure 7C shows simulations of the MntR dinuclear Mn 2+ site at temperatures of 2 and 14 K. The simulated spectra were calculated for equivalent Mn 2+ sites (parameters given in Figure 7 ). As we have demonstrated in our previous work, the software allows quantitative comparisons of experimental spectra with simulations. From the SVD results, the concentration of the dinuclear species in Figure 7B is [Mn 2 -MntR] ) 0.13 mM. The simulations of Figure 7C are calculated for the same concentration of the dinuclear Mn 2+ species. While the simulation does not match all of the features of the spectrum, the intensity is in approximate agreement with that of the experimental spectrum. The experimental spectra do not display sufficient resolution to allow determination of any of these parameters with certainty, except for the exchange interaction. The assignment to a dinuclear species is unambiguous. For an antiferromagnetic exchange coupling of J ) -0.20(5) cm -1 (H ) -2JS 1 ‚S 2 ) for the dinuclear Mn 2+ site, the temperature dependence of the simulations matches that of the experimental data shown in Figure 6A . The temperature dependence of the data cannot be reproduced with only a magnetic dipolar interaction between the Mn 2+ ions, since this represents an energy contribution to the system of less than 0.05 cm -1 .
Fluorescence Anisotropy Experiments. To get a better idea of how the metal binding of MntR affects DNA binding, we revisited our prior fluorescence anisotropy experiments, which were previously performed in the presence of 1.0 mM metal ion (12, 17) , which was in excess of >100-fold over the concentration of MntR. To probe the effect of metal ion affinity, the binding of MntR to the consensus sequence oligonucleotide dsmntH26 was measured under lowered metal ion concentrations. The binding of MntR to dsmntH26 was unchanged when the concentration of Mn 2+ , Co 2+ , or Cd 2+ was dropped from 1.0 mM to 100 µM. In contrast, at 10 µM metal ion (Figure 8 ), the binding of MntR to dsmntH26 was preserved with Cd 2+ but was virtually abolished with Mn 2+ . In the presence 10 µM Co
, MntR binding to dsmntH26 is diminished but not totally eradicated. These observations are wholly consistent with the measured metal-binding affinities; at 10 µM M 2+ , the protein can still bind Cd 2+ and to a lesser degree Co 2+ because the amount of available metal exceeds the measured K d values (Table  2 ). In contrast, 10 µM Mn 2+ is below the K d value for this metal ion leading to loss of DNA binding ability. The observed effects of lowered metal ion concentrations on the DNA binding ability of MntR are in good qualitative agreement with the measured metal-binding affinities of MntR.
DISCUSSION
Our prior work with MntR has focused on elucidation of the metal-mediated DNA binding properties of this protein (12, 17) and studies on how metal binding affects protein structure (17) . Two new reports describe some metal-binding affinities of MntR and a homolog AntR (15, 18) ; our results are compared with these recent findings below. Measuring the metal-binding affinities is an essential component for understanding how MntR selectively responds to its cognate metal ion and elucidating its mechanism of action.
In preliminary experiments to gauge the metal-binding affinities of MntR, the hydrophobic dye ANS was utilized as an exogenous fluorescent reporter. Changes in ANS fluorescence were used as an indicator of metal-induced structural organization; K d values could be estimated based on changes in ANS fluorescence intensity as the dye was excluded from hydrophobic surfaces on MntR. The K d values determined by this method were 92 µM for Mn 2+ , 13 µM for Co 2+ , and 0.5 µM for Cd 2+ (Table 2) . These results were the first to indicate that MntR does not show tight binding for its cognate metal ion Mn 2+ . ANS is an environmental probe, thereby its fluorescence depends on the interaction of the dye with hydrophobic portions of MntR. As the location of binding, binding affinity, and number of binding sites for ANS on MntR are not known, the values determined by this approach are subject to several sources of error/bias (e.g., ANS might compete for the metal-binding sites), and the K d values obtained are best interpreted as relative affinities. With these limitations in mind, an alternative method to corroborate the values obtained from the ANS experiments was sought.
Competition titrations between the protein and a spectroscopically active competitor ligand were selected as a means to quantitatively measure the metal-binding affinities of MntR. Fura-2 and Mag-fura-2 are fluorescent dyes that have been previously employed for studying other metalloregulatory proteins (6, 37) and thus were selected as a starting point for our investigation. Both dyes are frequently employed as ratiometric Ca 2+ /Mg 2+ chelators but can also bind transition metal ions with related spectral changes. The affinities of Fura-2 for several transition metal ions has been determined (20, (32) (33) (34) , while for Mag-fura-2 only the binding constant with Zn 2+ has been reported (35) .
Fura-2 was selected for initial experiments because its affinities for Mn , and Cd 2+ ions are known and are in a range (picomolar to nanomolar) observed for many metalloregulatory proteins (40) . Surprisingly, in our competition experiments between Fura-2 and MntR, where MntR was present in a 10-fold excess over Fura-2, MntR proved unable to compete for the metal ions Mn 2+ , Co 2+ , and Cd 2+ . On the basis of the inability of MntR to compete with Fura-2 for binding these metal ions, an approximate lower limit on the K d values for MntR could be inferred: Mn 2+ > 30 nM, Co 2+ > 90 nM, and Cd 2+ > 0.01 nM. Compared to Fura-2, Mag-fura-2 lacks several ligating atoms ( Figure S1 , Supporting Information) and has Ca 2+ /Mg 2+ affinities 2 orders of magnitude weaker than that of Fura-2 (21, 32) . Because the binding affinities of Fura-2 for transition metal ions are several orders of magnitude stronger than they are for alkali earth metals, it was anticipated that Mag-fura-2 would show a similar binding constant trend (e.g., K d values for transition metal ions in the nanomolar to micromolar range). Previously, Zn 2+ was the only transition metal ion for which the binding constant with Mag-fura-2 had been reported (35) . Therefore, the stoichiometry and metal-binding affinity of Mag-fura-2 for Mn 2+ , Co 2+ , Ni 2+ , Zn 2+ (as a control), and Cd 2+ were measured (at I ) 0.11 M and 25°C) using the approach originally employed for determining Fura-2 affinities for Mn 2+ and Fe 2+ (32) . Specifically, Fura-2 fluorescence quenches upon binding to these paramagnetic ions, and the binding affinities can be determined by monitoring this quenching as the transition metal ions compete with Ca 2+ for the dye. Mag-fura-2 shows similar fluorescence behavior, with Mn 2+ , Co exhibiting fluorescence spectra similar to that generated upon binding Ca 2+ . On the basis of this observation, the affinities of Mag-fura-2 for paramagnetic ions were measured by competition against Ca 2+ , while affinities for Zn 2+ and Cd
2+
were measured by competition against the paramagnetic ions (after the K d values were determined). As anticipated, the measured K d values ( two-site model were found to improve the fit to the data (K d1 ) 0.10 µM and K d2 ) 3.9 µM), and the K d values are provided as a footnote in Table 2 . Under our present experimental conditions, this two binding site analysis for Cd 2+ is the most robust model of the data we can provide.
The weak binding affinity of MntR for Mn 2+ determined by competition with Mag-fura-2 qualitatively agrees with the measured dissociation constants determined by ANS dye experiments and EPR data presented here (vide infra), as well as those determined by EPR for the homolog AntR (18) . In contrast, the dissociation constant determined in a recent report by calorimetry (∼3 µM for two independent sites, vide infra) (15) is significantly stronger and does not agree with either of the aforementioned studies. Furthermore, the dissociation constants measured by ITC between MntR and Zn 2+ (2-6 µM) and Cd 2+ (7-17 µM) are ∼300-and 180-fold larger than those determined here by competition with Mag-fura-2 (15) . The slightly higher affinity of MntR for Mn 2+ versus Cd 2+ reported by ITC is inconsistent with the DNA-binding data reported here, where in the presence of low concentrations of Cd 2+ MntR is competent to bind DNA, while at the same concentration of Mn 2+ DNA binding is completely abolished (Figure 8 At the moment, the difference in the studies is puzzling; however, the activation profile for AntR may provide an explanation. For AntR, it is reported that the Zn 2+ form is a good analogue of the Mn 2+ bound form, with the former being activated for binding the cognate DNA sequence (18) . This finding is in sharp contrast to MntR, for which Zn 2+ is an extremely poor activator of DNA binding (12) . This comparative evidence suggests that despite the very high homology of these two proteins, they may well have different activation profiles and hence different metal-binding sites. This explanation remains highly speculative, and further biophysical and structural characterization of AntR is required to resolve this apparent inconsistency in the AntR/MntR findings.
EPR Spectroscopy. The crystal structure of MntR identifies four binding sites for Mn 2+ per protein dimer, which forms two dinuclear Mn 2+ centers. To date, no other direct spectroscopic probe of the electronic environment of the metal has been available. Here we report the first EPR spectra to show direct evidence for the quantitative formation of a dinuclear Mn 2+ center from solution samples. The temperature-dependent data and simulations indicate a weak antiferromagnetic exchange coupling of J ) -0.2 cm -1 . The exchange interaction for dinuclear Mn 2+ model complexes with H 2 O/dicarboxylato bridges are in the range -1 to -3 cm -1 (42, 43) , and hydroxo-/dicarboxylato bridges are -9 cm -1 (44) . Dinuclear Mn 2+ model complexes with only dicarboxylate bridges have exchange couplings near -1 cm -1 (45) (46) (47) . The exchange coupling for MntR is significantly smaller than that of dinuclear Mn 2+ centers in these model complexes. A dinuclear Mn 2+ model complex with a single carboxylato bridge has been characterized with J ) -0.19 cm -1 (48), a value close to that for MntR.
The crystal structures of MntR identify two protein conformations that bind Mn 2+ with differing protein and solvent coordination. The structure with an Mn‚‚‚Mn distance of 3.3 Å with a bridging hydroxyl species would give characteristically different EPR spectra and a larger exchange value than observed for MntR in these studies. The other structure has a significantly longer Mn-Mn distance of 4.4 Å. For this structure, the manganese ions are bridged by µ 1,3 -carboxylato-(Glu99) and µ(O)-carboxylato-(Glu102) in two different configurations. In both configurations, both carboxylato groups have a long Mn-O bond (∼2.5 Å). These long bonds will weaken the exchange pathway, which is consistent with the lower exchange value observed here for MntR. We have made many attempts to facilitate the formation of the structure with the shorter Mn‚‚‚Mn distance. We found no change in the dinuclear Mn 2+ complex at pH 7.2 and 8.5. In addition, higher salt levels, a cryo-protectant (glycerol), and flash-freezing of protein all had no effect on the signals. These results suggest a role for crystal packing forces in the structure with the shorter Mn‚‚‚Mn distance and that the structure with the longer Mn‚‚‚Mn distance is relevant in solution studies.
The ratio of the binding constants indicates that the binding of the first Mn 2+ to MntR is significantly weaker than that of the second Mn 2+ . This ratio indicates a cooperative binding process which is perhaps better described by the overall equilibrium for the binding of two Mn 2+ ions (2Mn (18) but significantly greater than those obtained from ITC measurements (K d1 ) 10 µM and
is more certain than the individual values and are also consistent with the results of the ANS and Mag-fura-2 experiments reported here.
The EPR measurements detect a small change (factor of 4) toward tighter binding upon freezing MntR. The crystallographic data finds two different conformations of the Mn 2 site that depend on crystallization conditions having a short (3.3 Å) and long (4.4 Å) Mn‚‚‚Mn distance (15) . We do not attribute the change in the binding constant to a switch between these conformations, for the following two reasons. First, the increase in the stability of the complex upon freezing is in the range expected for the enthalpy change due to metal-ligand binding. For example, the enthalpy change for binding of Mn 2+ to two histidines is -5.2 kcal/ mol (22) . A change in temperature from 25°C to 0°C will increase the stability of the complex by a factor of 2. Second, the EPR spectra of samples that were frozen over 1 min were identical to spectra of flash frozen samples. If the interconversion between the two conformations (e.g., short Mn‚‚‚Mn at room temperature, long Mn‚‚‚Mn when frozen) is due to a relatively slow protein dependent event, then the flash frozen samples should have shown a significant change in the EPR spectrum. Thus, we conclude that the change in the binding constant is an enthalpic effect rather than a change in Mn‚‚‚Mn distance.
Metal Affinities of MntR Versus Other Metalloregulatory Proteins. Recent calorimetry studies on DtxR were able to dissect a high (2 × 10 -7 M) and low (6.3 × 10 -4 M) affinity site for the binding of two Ni 2+ ions per protein monomer (10); however, in DtxR the metal-binding sites are well separated and possess substantially different ligating residues, a factor likely contributing to the measurable difference in affinities. In contrast, Mn 2+ binding to MntR is best fit with a cooperative binding model. The coordination environments of the two metal ions in the dinuclear site of MntR are very similar: both are essentially hexacoordinate with one nitrogen and five oxygen based ligands (13, 15) . The proximity of the two sites also supports the observation that the binding of Mn 2+ is cooperative. Similarly, metal binding was also found to be highly cooperative in AntR (18) , incomplete activation is in part due to failure to form a dinuclear site (15) (A. Glasfeld, personal communication). Ni 2+ may also fail to form a dinuclear site, or the geometry of such a site with this metal ion may be significantly different, which again fails to produce the requisite allosteric change in MntR. Overall, we would concur with the hypothesis of Glasfeld et al. (15) that the geometry and stoichiometry (dinuclear) of metal binding to MntR is more significant to the mechanism of activation than metal ion affinity.
It is interesting that Fur and DtxR family members exhibit metal affinities generally much weaker than members of MerR and ArsR/SmtB families, the latter of which bind cognate ions in the 10 -9 to 10 -21 M range (8, 37, 40, (52) (53) (54) (55) (56) (57) . One explanation for this apparent trend may come from considering the function of these metalloregulatory protein families. MerR and ArsR/SmtB metalloregulators generally regulate genes (as repressors in their apo form) required to export toxic metal ions or an overabundance of an otherwise essential metal ion (40, 52) . The removal of such harmful metal ions may require a very sensitive response to manage the threat before damage is incurred on the cell. In contrast, Fur-and DtxR-family proteins are generally responsible for controlling genes involved in essential metal ion import (acting as repressors in their holo forms) (58) . Because cellular acquisition of an essential metal ion may be more tolerant to a slight excess than a deficiency of the ion, the proteins that regulate metal ion influx may be responsive at much higher metal concentrations to ensure that adequate metal stores are obtained before suppressing import genes. In this context, one can rationalize why members of Fur/DtxR families have weaker cognate metalbinding affinities when compared to MerR/ArsR families.
The aforementioned hypothesis may also be an argument for contextualizing the difference in binding affinities of MntR for Mn 2+ and Cd
. It is known that several Mn 2+ transporting proteins are capable of also transporting Cd 2+ (59) . At saturation concentrations, both Mn 2+ and Cd 2+ were found to be equally strong activators of MntR for DNA binding (12) ; however, the studies here show that MntR binds Mn 2+ at least 1000-fold less tightly than Cd 2+ . Therefore, in presence of Mn 2+ , MntR functions, as expected, like a member of the DtxR family, allowing the accumulation of the necessary levels of this essential metal ion before shutting down the uptake machinery. In contrast, it may be that when B. subtilis is faced with Cd 2+ in its surroundings, MntR functions more like a member of the MerR/ArsR family of proteins, responding with great sensitivity to the presence of the toxic metal ion and suppressing the corresponding uptake genes.
The question remains: under physiological conditions how does MntR selectively respond to Mn 2+ when the protein has such a low binding affinity for this metal ion? At present, no information about the B. subtilis metallome is available; however, the Escherichia coli metallome has been determined (56, 60) and can be used to make an comparative analysis. In E. coli, the total metal concentrations in the cell is ∼100 µM for Zn 2+ and Fe 2+ , ∼10 µM for Mn 2+ and Cu 2+ , and submicromolar for Ni 2+ and Co 2+ (60) . However, the concentrations of "free" metal ions (those not bound to proteins or other biological ligands) are likely less than the total ion concentrations listed. For example, in the case of Cu 2+ and Zn 2+ the free concentration of these ions is estimated to be less than one free metal ion per cell (∼10 -9 M) (54, 56) . If B. subtilis accumulates metal ions in a similar fashion, the amounts of total Co 2+ and Ni 2+ and free Cu 2+ and Zn 2+ would be well below the binding affinity of the MntR, rendering it non-responsive to these metals (although the binding constant for Cu 2+ and MntR is not available, it would be quite surprising for MntR to demonstrate sufficiently tight binding to Cu 2+ to overcome the extremely low concentrations of this metal ion). "Loosely bound" Fe 2+ concentrations in E. coli have been estimated at ∼10 µM (61) , and although we do not have quantitative binding data for MntR with Fe 2+ , these concentrations could potentially compete with Mn 2+ . Indeed, some mutants of MntR can be activated by Fe 2+ in vivo (62) . Although no direct measurement of free Mn 2+ is available for E. coli or B. subtilis, evidence suggests that these microorganisms might be more tolerant to higher cellular concentrations of Mn 2+ relative to other transition metal ions. Toxicity tests with E. coli grown on agar plates containing increasing concentrations of transition metal ions showed that the minimal inhibitory concentration for Mn 2+ was 20 mM, approximate 20 times higher than that found for Co 2+ -3 M for production of secondary metabolites, and 10 -4 -10 -3 M for cultural longevity (64) . On the basis of these studies, one could conclude that Mn 2+ may indeed be the only metal ion for which MntR has sufficient affinity and is present in suitable free concentrations within the cell, which would bind to and regulate MntR during normal cellular homeostasis. Clearly, the full metallome and concentrations of free metal ions in B. subtilis must be determined to validate this hypothesis.
CONCLUSIONS
We have determined the affinity of Mag-fura-2 for several transition metal ions, which fall in the nanomolar to micromolar range, making this dye useful for competition experiments with the metalloregulatory protein MntR. Evaluation of metal binding by MntR shows this protein belongs to a class of metalloregulatory proteins that possess a weak affinity for its cognate metal ion, while still eliciting tight DNA binding upon complete metal loading. EPR studies have provided evidence for a weakly coupled, dinuclear metal center consistent with the revised crystallographic report of MntR (15) . While additional structural studies will be necessary for elucidating the complete mechanisms of metal activation, the results presented here unambiguously show that the selective metal ion response of MntR does not correlate with metal-binding affinities. Furthermore, the high binding affinity of MntR for Cd 2+ versus Mn 2+ suggests a dual role for this repressor in vivosto maintain essential levels of Mn 2+ , while excluding toxic Cd 2+ with exquisite sensitivity.
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